Electrospinning is a promising technique for the production of scaffolds aimed at the regeneration of soft tissues. The aim of this work was to develop electrospun bundles mimicking the architecture and mechanical properties of the fascicles of the human Achille tendon. Two different blends of poly(L-lactic acid) (PLLA) and collagen (Coll) were tested, PLLA/Coll-75/25 and PLLA/Coll-50/50, and compared with bundles of pure PLLA. First, a complete physico-chemical characterization was performed on non-woven mats made of randomly arranged fibers. The presence of collagen in the fibers was assessed by thermogravimetric analysis, differential scanning calorimetry and water contact angle measurements. The collagen release in phosphate buffer solution (PBS) was evaluated for 14 days: results showed that collagen loss was about 50% for PLLA/Coll-75/25 and 70% for PLLA/Coll-50/50. In the bundles, the individual fibers had a diameter of 0.48± 0.14 µm (PLLA), 0.31±0.09 µm (PLLA/Coll-75/25), 0.33±0.08 µm (PLLA/Coll-50/50), whereas bundle diameter was in the range 300-500 µm for all samples. Monotonic tensile tests were performed to measure the mechanical properties of PLLA bundles (as-spun) and of PLLA/Coll-75/25 and PLLA/Coll-50/50 bundles (as-spun, and after 48 hour, 7 days and 14 days in PBS). The most promising material was the PLLA/Coll-75/25 blend with a Young modulus of 98.6±12.4 MPa (as-spun) and 205.1±73.0 MPa (after 14 days in PBS). Its failure stress was 14.2±0.7 MPa (as-spun) and 6.8±0.6 MPa (after 14 days in PBS). Pure PLLA withstood slightly lower stress than the PLLA/Coll-75/25 while PLLA/Coll-50/50 had a brittle behavior. Humanderived tenocytes were used for cellular tests. A good cell adhesion and viability after 14 day culture was observed. This study has therefore demonstrated the feasibility of fabricating electrospun bundles with multiscale structure and mechanical properties similar to the human tendon.
Introduction
The reconstruction of the tendon tissue is a current problem in medicine and orthopedic surgery.
Over 30 million human tendon-related procedures take place annually worldwide [1] . However, due to the anatomical and physiological complexity of the hierarchical structure of this tissue, it is very difficult to obtain satisfactory results [2] [3] [4] . Often, the formation of scar tissue generates morphological discontinuities which impair the mechanical properties and the proper work of the tendon [5] . Moreover, since tendon responds to mechanical forces by adapting its metabolism and its mechanical properties [6] , its immobilization for long periods decreases its mass and reduces its stiffness and strength [7] . Surgical intervention is frequently considered in serious injuries and when damage is extensive tendon grafts may be required [8] . The grafts can be i) prosthetic devices made of synthetic materials, ii) allografts, iii) autografts and iv) resorbable devices. The choice of the most suitable option encompasses considerations of the type and site of injury and of the patient but, in a way, all the options above present some drawbacks. For instance prosthetic devices, besides developing inflammatory process, can encounter mechanical damage over time [9] .
Autografts are better immunologically suitable, but their success is associated to morbidity of the donor site [10] [11] [12] [13] [14] [15] . Alternatively, with autografts the risk of rejection exists [16] [17] [18] [19] . Tendon reconstruction through tissue engineering is an additional option that encompasses the use of a biocompatible and bioresorbable scaffold capable of promoting tissue healing and of withstanding mechanical stresses. The design of a scaffold for tendon reconstruction must take into account the complex hierarchical structure of native tendon which is constituted by Collagen Type I (Coll) filaments aggregated in fascicles, with increasing diameters, orientated in the directions of applied loads [20, 21] .
One promising technique for the production of scaffolds for tendon tissue is electrospinning.
Thanks to its ability to produce filaments of both natural and synthetic polymers with nano-and micrometric diameters and oriented in specific directions, electrospinning grants the potential of producing scaffolds morphologically very similar to the hierarchical structure of the tendon collagen fascicles. Several technical approaches have been developed for producing electrospun bundles of highly aligned fibers [22] [23] [24] that have been proposed for tendon tissue engineering [23, [25] [26] [27] . Bosworth et al., in particular, developed electrospun bundles of poly(ε-caprolactone), they carried out in vitro cell culture under dynamic tensile loading [27] and assessed the in vivo performance of the bundles [26] , gaining encouraging results. Recently, Zhang et al. demonstrated that the unidirectional alignment of electroscope fibres helps enabling tenogenic differentiation of human-induced pluripotent stem cells in vitro and in vivo [28] . Mouthuy et al. developed a robust and automated method to manufacture continuous electrospun filaments that can be stretched and used to create multifilament yarns that imitate the hierarchical architecture of tendons and ligaments [23] . Besides morphological features of the scaffold, it is well-established that chemical properties are also extremely important in ensuring cell adhesion and proliferation. Because of their inherent properties of biological recognition, natural polymers have therefore been proposed in combination with synthetic polymers for tendon reconstruction: for instance poly(L-lactide-co-ε-caprolactone) copolymer has been blended with either collagen [29] or silk [30] and chitosan and gelatin have been used in combination with poly(L-lactic acid) (PLLA) [28] . While blends of collagen and PLLA have been investigated in the past [31] [32] [33] [34] they have never been manufactured to produce bundles for tendon reconstruction. Moreover, the effect of the amount of the natural component on the mechanical properties of the bundle and on cell behaviour, as well the stability of bundle composition under physiological condition have never been deeply investigated.
The aim of this study was to design, manufacture and characterize bioresorbable electrospun bundles made of highly aligned fibers of PLLA-collagen blends, to mimic the morphology and mechanical properties of the bundles composing the human Achilles tendon (300-500 µm in diameter). The two polymers were selected in order to seek an optimal compromise in terms of biocompatibility, stiffness, hydrolytic degradation and toughness. Bundles of PLLA containing different amounts of collagen have been prepared and characterized to determine the effect of collagen on scaffold wettability, thermal and mechanical properties. The compositional stability of the scaffold and its mechanical performances have been evaluated over 14 days. Human tenocytes were cultured over the same time range on the bundles and cell morphology was assessed by Scanning and Transmission Electron microscopy.
Materials and Methods
In a first phase, flat mats were prepared to allow physico-chemical characterization of the material , bundles were then prepared to assess the mechanical properties and to perform cell culture experiments.
Materials
Acid soluble collagen type I (Coll), extracted from bovine skin was kindly provided by Kensey 
Electrospinning and imaging
The home-made electrospinning apparatus consisted of a high-voltage power supply (Spellman SL 50 P 10/CE/230), a syringe pump (KD Scientific 200 series), a glass syringe containing the polymer solution and connected to a stainless-steel blunt-ended needle through a Teflon tube.
Electrospinning was performed at room temperature (RT) and relative humidity 40-50%. PLLA solution was electrospun by applying the following processing conditions: applied voltage = 18 kV, feed rate = 1.2 mL/h, needle inner diameter = 0.84 mm. PLLA/Coll solutions were electrospun by applying the following processing conditions: applied voltage = 22 kV, feed rate = 0.5 mL/h, needle inner diameter = 0.51 mm.
The grounded collector was positioned 200 mm away from the tip of the needle. The non-woven mats made of randomly arranged fibers were electrospun on an aluminium flat plate (100 mm x 100 mm). A high-speed rotating collector (length = 120 mm, diameter = 50 mm, 6000 rpm, peripheral speed = 16.2 m/s) was used to produce mats made of fibers preferentially aligned in the direction of drum rotation as previously described [35, 36] ( figure 1(A) ). The central part of the sleeve (about 75 mm long) was manually rolled up transversely to the length of the roller, from end to end ( figure   1(B) ). To remove it from the collector, the rolled-up scaffold was incised axially with a cutter (figure 1(C)). Thus, the final bundle was as long as the circumference of the rotating collector (approximately 150 mm), and was made of fibers predominantly aligned axially ( figure 1(D) ).
Scanning Electron Microscopy (SEM) observations were carried out using a Philips 515 SEM at an accelerating voltage of 15 kV, on samples sputter-coated with gold both of flat mats and bundles.
The distribution of fiber diameters (average and standard deviation) was measured on the SEM images of about 200 fibers, by means of an acquisition and image analysis software (EDAX Genesis). The one-way ANOVA was used to test the statistical significance of the differences between averages.
The diameter of each bundle depended on the amount of fibres deposited in the central part of the collector, that in turn was affected by polymeric solution concentration, flow rate and jet deposition diameter. For each blend, the deposition time was optimized to produce bundles with a diameter of 300-500 µm (figures 1(E) and 1(F)).
In addition, to investigate the three-dimensional structure high-resolution images of one bundle was acquired with a micro-computed tomography scanner (micro-CT) (ZEISS Xradia 520 Versa) (figure 1(G)) with the following settings: 40 kV/3W Power, 149 µA tube current, 10-12 seconds exposure time. Images were collected at rotational steps of 0.09-0.11 over 360°, for a scanning time of 10-15
hours. The reconstructed micro-CT images had an isotropic voxel size of 0.4 µm. To quantify directionality and scatter, the scans were analysed with ImageJ [37] , using a dedicated plugin called Directionality [38] [39] . Directionality histogram reports the amount of fibers as a function of the fiber orientation. The fiber alignment followed a gaussian distribution (goodness > 0.90) with a narrow scatter (standard deviation < 15°, figure 1(F) ). The 3D reconstruction video of the bundle is available as Supporting Information. 
Release of collagen from the electrospun mats
Specimens of non-woven mats made of randomly arranged fibers (about 25 mg) were dried over The amount of collagen released in the PBS (Collagen Loss %) was determined using Biuret assay [40] . The Biuret reagent was prepared by dissolving 0.375 g of copper sulphate (Sigma-Aldrich) and 1.69 g of sodium tartrate hemihydrate (Sigma-Aldrich) in 100 mL distilled water.
Subsequently, 100 mL of 10.5% (w/v) NaOH was added to the solution. The resulting solution was then diluted up to 250 mL and stored at 2-8 °C. 0.5 mL of the retrieved PBS which previously contained the mat specimen was mixed with 2. In parallel, the Collagen Loss % was also evaluated gravimetrically by comparing the sample dry weight remaining at a specific time with the initial sample weight (Equation 2) and by assuming that the weight loss was only ascribable to collagen dissolution. This assumption was supported by the fact that PLLA mat incubated in PBS did not show any weight loss in the time range investigated (up to 14 days).
Collagen Loss %=
Where m in is the initial dry sample weight, m fin is the dry sample weight after PBS immersion and 
Physico-chemical characterization techniques
Thermogravimetric analysis (TGA) were performed with a TA Instruments TGA2950 analyzer from RT to 600 °C (heating rate 10 °C/min, nitrogen gas).
Differential Scanning Calorimetry (DSC) measurements were carried out using a TA Instruments Q100 DSC equipped with the Liquid Nitrogen Cooling System (LNCS) accessory. DSC scans were performed in helium atmosphere from -60 to 190 °C. The heating rate was 20 °C/min and the cooling rate was 10 °C/min.
The static water contact angle (WCA) was measured under ambient conditions with a KSV CAM 101 instrument. Milli-Q water was used for measurements. The side profiles of water drops laying on the surface of non-woven mats made of randomly arranged fibers were recorded in a time range 0-30 s. At least six drops were observed for each mat.
Mechanical characterization of the bundles
Stress-strain measurements were carried out with a material testing machine ( 'Ad hoc' designed capstan grips were used to limit the stress concentrations at sample ends. The gauge length was 20 mm. The actuator speed was 5 mm/min. Load-displacement curves were converted to stress-strain curves using the cross-section area measured in the dry specimens asspun. The following indicators were considered: Young modulus, yield stress, failure stress, failure strain, and work to yield and failure. The stress-strain curves were analysed as described in figure 2 . Figure 2 . Sketch of the method used to analyse the stress-strain curves. The initial toe region was disregarded; the failure stress (E) was identified as the highest stress in the entire curve; the starting point of the linear region (A) was univocally identified as 20% of failure stress; an initial guess for the yield strain was visually identified (C); the initial linear regression (solid line) was applied to the first 50% of the linear region, between points A and B (which was half-way between A and C); a second line parallel to the initial regression was drawn, with an offset of 5% strain (dashed line); the limit of proportionality was defined with the 0.5%-strain offset criterion as the intersection (D) between the latter line and the stress-strain curve; the Young modulus was calculated as the slope of a new regression line between A and D. The work to yield and to failure were calculated as the integrals under the curves (with the method of trapezoids).
The significance of differences between bundle compositions was assessed with the one-way ANOVA; the effect of PBS immersion on the two blends was assessed with the two-way ANOVA.
Biological assessment

Cell Isolation
Human tenocytes were isolated from anterior cruciate ligament of healthy subjects undergoing surgery for orthopaedic trauma (mean age 60 years 
Cell Cultures
Before seeding, PLLA/Coll-75/25 and PLLA/Coll-50/50 bundles were sterilized with 70% ethanol for 30 min, washed twice in D-PBS, and then incubated with DMEM supplemented with 10% FBS and 1% penicillin-streptomycin (100 U/mL) at 37 °C. After one hour, the bundles were cut into 1-cm pieces and placed in 24-well polystyrene plates (Corning® ultra-low attachment) and fixed with CellCrown™ (Scaffdex, Tampere, Finland). Tenocytes were detached from culture flasks using 0.25% trypsin in 1 mM EDTA and seeded on the samples at a density of 1×10 5 cells/sample in a volume of 50 µL. After one hour incubation at 37°C, necessary to allow cell adhesion and prevent sliding off and falling in the wells, 1 mL of DMEM was added in each well, and samples were further cultured for 7 and 14 days. Medium was changed twice a week.
Scanning Electron Microscopy (SEM)
For SEM analysis, the cell-material constructs were fixed in 2% v/v glutaraldehyde in 0. The Netherlands).
Results
Morphology of the electrospun mats
Electrospun mats made of randomly oriented continuous fibers were produced by collecting fibers on an aluminium plate target ( figure 3 ). PLLA bead-free fibers with diameters of (0.48 ± 0.14) µm were obtained as previously reported [41] [42] [43] by dissolving the polymer in a mixture of DCM (to dissolve the polymer) and DMF (to improve the electrical properties of the solution). PLLA/Coll-75/25 fibers had diameters of (0.31 ± 0.09) µm and PLLA/Coll-50/50 fibers had diameters of (0.33 ± 0.08) µm (figure 3).
The behaviour of a representative water drop for each sample is reported in figure 3 
Thermal characterization of the electrospun mats
TGA curves of electrospun mats are reported in figure 4 (A). For sake of comparison, TGA of collagen powder is also shown. PLLA sample started losing weight above 250°C and degraded in a single-step process that leaded to an almost negligible residue (4%) above 350°C. Thermal degradation of collagen powder proceeded via a multistep process that started at RT with a residual weight of about 27% at 600°C. Collagen weight loss at low temperature (RT-150°C) has been attributed to the removal of bound water [44, 45] . Similarly, to collagen powder, PLLA/Coll samples displayed an initial weight loss in the range RT-150°C, ascribable to water evaporation from the Coll component. Subsequently, the samples showed a weight decrement in the range 200-500°C, due to the concomitant degradation of Coll and PLLA fractions, and weight residues at 600°C of 18% and 10% for PLLA/Coll-50/50 and PLLA/Coll-75/25, respectively. The residual weights at 600°C of blends were in line with the theoretical ones, the latter being calculated by considering the feed of PLLA and Coll in the starting polymeric solutions. Indeed, the theoretical residual weight values -calculated by taking into account the weight residues of pure componentsof PLLA/Coll-50/50 and PLLA/Coll-75/25 are 15.5% and 9.75%, respectively, which are close to the experimental ones, within the accuracy of TGA quantification.
The DSC curve of collagen powder showed a broad and intense endothermic peak in the range 0-150°C in the first heating scan ( figure 4(B) ), due to the evaporation of water [44] , whereas no appreciable thermal transitions where observed in the second heating scan ( figure 4(C) ). The first heating scan of PLLA showed a glass transition (T g ) at a temperature around 61°C and a cold crystallization exothermic peak (T c = 87°C) followed by a melting endothermic peak (T m = 163°C) of the same entity (ΔH c = ΔH m = 33 J/g) ( figure 4(B) ). This result indicates that the melting phenomena that follows the cold crystallization concerns only the PLLA crystal phase developed during the heating scan, thus demonstrating that completely amorphous PLLA mats were obtained through the electrospinning process, as previously reported [46] . The first heating scans of PLLA/Coll-75/25 and PLLA/Coll-50/50 samples displayed the above described PLLA thermal transitions whose entity correlated with the PLLA weight fraction in the blends. In addition, the endothermic peak of water evaporation from the Coll fraction was also visible ( figure 4(B) ). Since the second heating scan of the blends displayed only the thermal transitions associated to the PLLA component, it was possible to calculate the effective PLLA/Coll composition in the blends by comparing the PLLA ΔC p and ΔH m of the blends with those of pure PLLA. In Table 1 calorimetric data of the second heating scans are reported together with the value of PLLA content in the blend, calculated on the basis of either ΔC p or ΔH m :
Mat composition calculated according to DSC data agrees with the starting solution composition in terms of PLLA/Coll ratio, within the accuracy of DSC quantification. 3.3.Release of collagen from the electrospun mats After the electrospun bundles of the two blends (i.e. PLLA/Coll-75/25 and PLLA/Coll-50/50) were maintained in PBS they still consistently exhibited the initial non-linear toe-region, independent of the time in PBS, but showed some variation of mechanical properties over time ( figure 7 ). In particular, the PLLA/Coll-75/25 bundles after 48 hours demonstrated a ductile behaviour and values similar to the as-spun ones ( figure 7(A) ). After 7 days in PBS, the bundles were still ductile, and stiffer, with lower yield and failure stress and strain. At 14 days PLLA/Coll-75/25 bundles showed an elastic-brittle behaviour, with failure stress and strain lower than the previous ones. The PLLA/Coll-50/50 bundles always showed an elastic-brittle behaviour ( figure 7(B) ) with values of stiffness that increased over time while the failure stress and strain decreased. Such differences were statistically significant (figures 7(C)-7(F); two-way ANOVA p-value<0.05). 
Biological assessment
First, to confirm the identity of tenocytes the immunocytochemical detection of collagen Type I and Type III, fibronectin and vimentin was performed. The majority of cells were positive for vimentin and fibronectin (figures 8(A) and 8(B) ). Vimentin is an intermediate filament that is characteristically found in cells of mesenchymal origin and usually used as a tenocyte marker [47, 48] . The expression of this marker was so high that counterstaining with haematoxylin and eosin was not perceptible ( figure 8(A) ). The production of collagen type I and a low expression of collagen type III were also detected (figures 8(C) and 8(D)), indicating the fibroblastic phenotype (tenocytes) of selected population, as previously described for this model [47, 49, 50] . 
Discussion
In the design of a biomimetic scaffold for tendon tissue repair it is mandatory to consider the high complexity of the natural tendon hierarchical structure both from a morphological and from a chemical point of view, in order to achieve the mechanical properties required to restore function while allowing regeneration. The aim of this study was to develop and characterize bundles of PLLA-Coll blends, to be used as bioresorbable scaffolds for the repair of tendon tissue. In this work we focused on the chemical composition, cellular response and mechanical properties.
Electrospinning has been used to reproduce the morphology of a subfascicle, having a diameter in the range 300-500 µm, similar to that of native human Achille's tendon [51] . To manufacture the bundles, PLLA was used in combination with collagen. The expected advantages of this formulation were long-term degradation, plasticity and toughness (provided by PLLA) and high biocompatibility and stiffness (provided by Collagen). Two different compositions were investigated and tested against tenocytes culture: PLLA/Coll-75/25, and PLLA/Coll-50/50, while pure PLLA was characterized as a reference to assess the effect of collagen addition on scaffold properties. Collagen content in the fibers was not further increased to ensure long-term degradability of the scaffolds.
Flat mats and bundles made of sub-micrometric fibers were successfully spun ( figure 1 and 2 52] ). Moreover, the bundles diameters for the two blends were in the same range proposed in the literature for Achille tendon fascicles [21, 51, 53] . TGA and DSC analyses ( figure   3 ) enabled to quantitatively confirm that the effective Coll content in the blend corresponded to the initial feeding, for both compositions. The wettability (measured as drop water contact angle, figure   2 ) indicated that increasing the collagen content led to an improved scaffold wettability, a positive aspect for the intended application. In nature, collagen molecules are arranged in a triple-helix structure [4, 21] , which guarantees stability in a watery environment, while electrospun collagen normally requires a crosslinking treatment to reduce its dissolution upon water contact [54] , However, in previous literature studies crosslinking was not performed when collagen was blended with a synthetic polymer [55] [56] [57] . In these cases, although the effective stability of electrospun fiber composition upon water contact was not verified, the addition of the natural polymer had positive effects on cell culture [55] [56] [57] . In another study it was demonstrated that collagen release from weakly crosslinked poly(lactide-co-glycolide)/collagen blends occurred and had a remarkable effect on fiber morphology at high collagen content [58] . In the present study, crosslinking was not performed in order to avoid the use of toxic agents and possible contaminants. For both PLLA/Coll compositions we found that a portion of collagen was lost after very short time of water immersion One limitation of the present findings is certainly the fast loss of collagen, which resulted in a significant loss of the mechanical properties of the two blends within 14 days in PBS that can be reasonably limited by treating the electrospun bundles to crosslink the collagen.
It is pointed out that after permanence in PBS, some of the bundles had shrunk to the point that their length was no more sufficient to roll them around the pins of the capstan grips for the tensile tests.
In these cases, standard clamps were used: this might have resulted in a slight under-estimate of the failure properties. However, as no specimen failed in the clamp, such effects, if present at all, must have been negligible. Hansen et al. used an actuator speed of 2 mm/min, with a specimen free length of 10 mm [48] , which results in a strain rate slightly lower than the present study.
It must be noted that our bundles were produced with an operator-dependent approach. In the future, a more automated electrospinning configuration should be defined to standardize the manufacturing process. In fact, it has been shown that bundle production can be standardized [22] .
From a biological point of view, it will be necessary to improve cell adhesion on the proposed bundles by limiting the loss of collagen and possibly tests other kind of cells involved in tendon regeneration (i.e. mesenchymal stem cells).
Conclusions
This study has demonstrated the feasibility of manufacturing bundles of a blend of bioresorbable polymers (PLLA and collagen). The use of electrospinning resulted in an arrangement of the fibers that mimicked that of tendon collagen. In fact, bundles with a cross section of 300-500 micron and a length of 150 mm were fabricated with different blends. The mechanical properties (stiffness and strength) achieved are similar to those of natural tendon. The cellular culture tests confirmed that the electrospun bundles of the selected blends promoted tenocyte adhesion and proliferation. In this study single bundles were manufactured and tested. The future steps will include assembling multiple bundles in a multiscale arrangement mimicking the hierarchical structure of collagen in the human tendon.
